Birnaviruses, including the genus Entomobirnavirus, are socio-economically important viruses. Currently, only Drosophila X virus has been formally assigned to the genus Entomobirnavirus, but two more viruses were recently isolated, Espirito Santo virus (ESV) and Culex Y virus. The host mosquito has been reported to carry many viruses, but seldom entomobirnaviruses. To discover potential pathogens in mosquitoes, we exploited small-RNAs high-throughput sequencing of three mosquito species caught in South China. A virus that genetically likes entomobirnavirus, Mosquito X virus (MXV), was identified from Anopheles sinensis and was 97 % identical to ESV, which co-infects with Dengue virus (DENV). However, the absence of DENV in the A. sinensis suggested the independence of MXV infection from dengue co-infection. Our discovery complements prior research on entomobirnaviruses and proved that MXV may be widespread in mosquitoes on different continents. This work also highlights the applying of high-throughput sequencing of small RNAs to survey viruses carried by insect vectors.
Birnaviruses are bipartite, with two large dsRNA segments, A and B. Segment B encodes viral polypeptide 1 (VP1) (Dobos, 1995; Nagy & Dobos, 1984) , and segment A encodes a polyprotein (N-VP2-VP4-VP3-C) (Dobos et al., 1979) . Some of the birnaviruses, like infectious pancreatic necrosis virus (IPNV) and infectious bursal disease virus (IBDV), are well characterized and reported to be economically important (Christie et al., 1988; Kibenge et al., 1988) . Drosophila X virus (DXV) was first isolated as a contaminant in experiments on the insect rhabdovirus Sigma virus (Dobos et al., 1979) and the Blotched snakehead virus (BSV) was isolated from a cell line derived from the Blotched snakehead fish (Da Costa et al., 2003) .
Mosquito-borne infectious diseases are of intense interest worldwide, especially in tropical and subtropical areas (Tolle, 2009) . Mosquitoes are the most important vectors of many infectious viruses, like Dengue virus (DENV), Chikungunya virus and Yellow fever virus. Additionally, persistent and innocuous single, dual or multiple viral infections have been described to be common in insects (Burivong et al., 2004b; Kanthong et al., 2010) . These infections have also been reported to occur in mosquitoes infected with dengue and densoviruses (Burivong et al., 2004a; Wei et al., 2006) . High-throughput sequencing is widely used to detect viruses in mosquitoes, and several novel viruses have been discovered (Bishop-Lilly et al., 2010; Wu et al., 2010) .
Ricardo et al. recently reported a novel birnavirus, Espirito
Santo virus (ESV), that was dependent upon co-infection with a virulent strain of DENV (strain 44/2) (Vancini et al., 2012) . A comparison of ESV amino acid residues with those of other birnavirus confirmed the uniqueness of ESV along with its assignment to the genus Entomobirnavirus. However, the origin of ESV remains unclear. In August 2012, Marklewitz et al. (2012) isolated a Culex Y virus (CYV) from hibernating Culex pipiens complex mosquitoes in Germany that shared approximately 99 % identity to ESV, the first report of entomobirnavirus infecting wild mosquitoes.
While exploring next-generation sequencing to identify viral agents in wild mosquitoes, we sequenced the small RNA extracted from such insects. A ssDNA densovirus was successfully identified from C. pipiens molestus (Ma et al., 2011) . Furthermore, a large number of sequencing reads in Anopheles sinensis sample showed similarities to ESV in BLAST searches against the virus database. We assembled the virus (probably a strain of ESV), named Mosquito X virus (MXV), and analysed its entire genome sequence.
Three mosquito species with each of about thousand ones, including Culex tritaeniorhynchus, C. pipiens molestus and A. sinensis, were collected from Yunnan Province, China, in 2009. About 100 mosquitoes of each species were pooled individually before RNA extraction. RNA was extracted using the Total RNA Purification kit (LC Sciences) according to the manufacturer's instructions. A small-RNA library was generated using Illumina sample preparation protocols after quality analysis on an Agilent 2100 Bioanalyser system and denaturing PAGE. Small-RNA (18-30 bp) molecules were purified and reverse-transcribed into cDNA using M-MuLV (Invitrogen) with RT-primers.
The purified cDNA library was sequenced on an Illumina GAIIx machine. Ma et al. (2011) described the details of the RNA library construction. For each mosquito species, tens of millions of raw sequences with base quality scores were generated with Solexa high-throughput sequencing ( Table 1) . After excluding the sequencing adaptor, lowquality sequences and reads shorter than 18 bp using the FASTX-Toolkit (Hannon, 2010) , approximately 30 million clean reads remained for each mosquito species. The BLAST-2.2.2 package (Camacho et al., 2009 ) was used to identify viral RNA among the unique sequences. The database used for BLAST was generated by formatting viral sequences downloaded from NCBI (ftp://ftp.ncbi.nih.gov/genomes/ Viruses/). A birnavirus, ESV, was hit more than 30 000 times in a query of the A. sinensis sample, but fewer than 10 times in each of the other two samples in the BLAST results. To test whether this virus co-existed with DENV, which was reported to co-infect with ESV, we downloaded sequences of ESV (GenBank accession nos JN589002 and JN589003) and DENV (strain 44/2) (GenBank accession no. AF204177) and mapped the clean reads from A. sinensis to those genomes (reads only .95 % identity were kept). Over 96 % coverage of the ESV sequence indicated that an ESV-like virus was present in the A. sinensis sample (Table  1) . However, few clean reads from C. tritaeniorhynchus and C. pipiens showed obvious homology to ESV. Considering the short length of reads (,31 bp) and the mapping restrictions (.95 identity), the several reads that mapped to DENV (strain 44/2) were confirmed to be mismatching, certifying the absence of DENV (strain 44/2) in any of the three samples.
We assembled the genomes using the reference assembly strategy (Li et al., 2009; Pop et al., 2004) . The raw clean reads were mapped to the genomes of ESV using CLC Genomics Workbench v. 3.6.1 (CLC Bio). The consensus sequence generated from the mapping results included many single nucleotide polymorphisms and gaps. Two gaps, of 4-15 bp, were closed using the greedy path strategy (Huson et al., 2001) . Finally, a bi-segmented dsRNA with a length of 3418 bp (segment A) and 3220 bp (segment B) was assembled. Fig. 1 shows the results of mapping the clean reads onto the MXV genome. A total of 49 912 of the clean reads, equally 0.2 %, could perfectly match to MXV. The complete MXV genome was deposited in GenBank with the accession numbers JX403941 (segment A) and JX403942 (segment B).
The size of the MXV genome harvested from A. sinensis samples is consistent with the average size of other birnaviruses, such as DXV and ESV (Chung et al., 1996; Nagy & Dobos, 1984; Vancini et al., 2012) . Two large ORFs, spanning nt 94-3267 on segment A and nt 98-3085 on segment B, were found. The annotation performed by RAST (Aziz et al., 2008) showed that the ORF in segment B encodes the putative VP1 (995 aa) and the ORF in segment A encodes a large polypeptide (1057 aa) ( Fig. 1) . As in other members of the family Birnaviridae, the putative VP1 on segment B represent the viral RdRp and the large polypeptide on segment A should be processed into VP2, VP3 and VP4. The polypeptides were analysed using CDD and CDART (Geer et al., 2002; Marchler-Bauer et al., 2011) . One domain, VP2 (342 aa), was highly conserved among MXV, ESV, IPNV, IBDV, DXV, CYV and BSV (Supplementary material, available in JGV Online), in agreement with a previous report that VP2 exhibited the highest level of amino acid conservation (Chung et al., 1996) . The mappable reads were not evenly distributed across the genome, leading to numerous peaks and valleys in Fig. 1 . Interestingly, the four highest-coverage regions were located in four different coding regions (one each in VP1 on segment B and VP2, VP4, and VP3 on segment A), and were mostly sense-strand reads. The core sequences of the four highest frequency reads shared no similarities with any mosquito sequences, revealed that they originated from the virus itself (Supplementary material). The biological relevance and biogenesis of these high-frequency reads require further investigation.
To explore the evolutionary relationship of MXV, the amino acid sequences of coding regions on segments A and B were phylogenetically analysed by using CLUSTAL W (Thompson et al., 1994) and MEGA 5 package (Tamura et al., 2011) with those of DXV, IPNV, BSV and IBDV, along with the recently discovered species ESV and CYV (Fig. 2) . The MXV and ESV sequences of both segments A and B were very closely related with approximately 97 % similarities. These two viruses, in turn, were sister to DXV, the representative species of the genus Entomobirnavirus, suggesting that MXV may constitute another member of this genus. In fact, MXV shared 66 and 67 % identity to DXV on segments A and B on amino acid level, respectively.
ESV was discovered in mosquito cells that had been experimentally infected by DENV isolated from a patient from Espirito Santo, Brazil. However, MXV was identified from wild A. sinensis, one of the most widely analysed mosquitoes in Asia as a common vector of Plasmodium vivax malaria (Lee et al., 2007; Ree et al., 2001) Fig. 2 . Phylogenetic analyses of the birnaviruses. The phylogenetic trees were generated based on the amino acid sequences of putative VP1 and polyprotein, respectively, with maximum-likelihood (Poisson model) and 1000 bootstrap replicates. The accession numbers of data were: BSV (GenBank accession nos NC_005982 and NC_005983), DXV (GenBank accession nos NC_004177 and AF196645), IBDV (GenBank accession nos JQ411012 and JQ411013), IPNV (GenBank accession nos NC_001915 and NC_001916) and ESV (GenBank accession nos JN589003 and JN589002). sinensis sequencing reads, which is consistent with the observation that DENV is only transmitted by species of mosquito within the genus Aedes. The recently reported CYV was also isolated from wild mosquitoes independent of DENV (Marklewitz et al., 2012) . The CYV sequence showed approximately 99 % identity to ESV. MXV and CYV shared many similarities (natural infection, independence from DENV and similarity to ESV) although they came from different mosquitoes on different continents, suggesting the ubiquity of MXV (or CYV) in the natural environment. Our work here complements prior research on entomobirnaviruses.
High-throughput sequencing has developed rapidly in recent years and has led to the discovery of several RNA viruses from laboratory reared Drosophila, experimentally infected mosquitoes (Bishop-Lilly et al., 2010; Wu et al., 2010) and plants (Kreuze et al., 2009) . Because of the short lengths of small-RNA molecules, their sequencing is faster and cheaper than standard high-throughput sequencing. The discovery of MXV provides more evidence that small-RNA sequencing is a powerful method to detect both known and unknown viral pathogens, especially in wild insects. A recent study identified a Densovirus from C. pipiens (Ma et al., 2011) , but the existence of MXV could not be confirmed until ESV was reported in December 2011. Thus, a disadvantage of small-RNA sequencing for discovering novel viruses is that sequences of similar species must already be available (unlike long-DNA sequencing). However, for complex systems like wild insects or environmental samples, small-RNA highthroughput sequencing remains a competitive and reliable way to detect pathogens. (Burivong et al., 2004b; Chen et al., 2004) . ESV could not be detected in the absence of DENV infection in C6/36 cell lines, nor was CYV found to be particularly virulent in free-living mosquitoes, suggesting that those viruses may be widespread but latent in mosquitoes. Whether the MXV found in A. sinensis is infectious to humans or other animals remains unclear. The possible interactions of MXV with other viruses and their medical and epidemiological implications require further investigation.
Mosquito cells may carry persistent viral infections

